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ABSTRACT
Lattice Boltzmann Model for Shallow Water Equation with Turbulence Modeling 
(LABSWETM)	 is	used	 to	study	 the	flow	patterns	of	 sidewall	 friction	effects.	The	
lattice Boltzmann method (LBM) approach in recovery the macroscopic governing 
equation	which	is	shallow	water	equation	from	the	microscopic	flow	behavior	of	
particle movement as described by kinetic theory is explored. With the solution 
of force term to be used in lattice Boltzmann equation, the boundary condition of 
LBM	is	explored.	With	the	use	of	bed	and	wall	friction	coefficients,	the	importance	
of	Manning’s	coefficient	in	determining	the	outcome	of	flow	patterns	simulation	
is	explained.	For	model	verification,	the	model	represents	a	straight	channel	with	
a circular cavity attached to it. The result of this simulation includes the water 
circulation patterns, cross-section of average velocity distribution, and water 
depth. For validation, the cross-sections of the model in term of velocity vectors 
are compared against alternative numerical and experimental data. 
Keywords: Lattice Boltzmann Methods, shallow water equations, semi-slip 
boundary,	Manning’s	coefficient,	sidewall	friction,	flow	patterns.	
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Introduction
In studying flow patterns of a complex geometry channel, sidewall friction 
is an important catalyst besides bed topography, either in the real situation 
or simulations. Due to the problem of non-uniform velocity distribution 
effect from free surface and secondary flow in three-dimensional open 
channel, the sidewall friction is always neglected. It has been proved that 
the shear stress distribution on the wall in a planar and axially symmetric 
flow can be calculated from force balance if it is uniform along the wet 
perimeter and shear stress [1]. The main key factor in Lattice Boltzmann 
Method (LBM) is its implementation in parallel computations which is quite 
easy and comparable. A test case proposed to eliminate the statistical noise 
commonly found in Lattice Gas Automata (LGA), thus making simulation 
that demands much less computer time [2]. This makes LBM a promising 
and reliable method in recent era of modern computational hardware. Thus, 
LBM is a promising method to analyze the shallow water situations that 
usually consists of source terms made of external forces such as wind shear 
stress, free surface and most importantly from the interaction between the 
fluids and bed topography. 
In this paper, the effect of sidewall friction on complex channel 
geometry that represents a lake attached to a river is simulated by Lattice 
Boltzmann Model for Shallow Water Equation with Turbulence Modeling 
(LABSWETM). Bed and wall friction are varied and different Manning’s 
coefficients are used to have different effects on the flow patterns. The result 
of simulations are analyzed and discussed. In the simulations, the physical 
properties of water to be compared are water flow, height, and velocities 
distribution with regards to different friction coefficients.
LABSWETM
a.  Governing Equations
LBM consists of two major steps, streaming and collision steps [3]. These 
two steps are combined into lattice Boltzmann equation proving that LBM 
is a simple yet efficient method. The Lattice Boltzmann equation is given 
by [3]: 
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Water Equation with Turbulence Modeling (LABSWETM). Bed and wall friction are varied 
and different Manning’s coefficients are used to have different effects on the flow patterns.
The result of simulations are analyzed and discussed. In the simulations, the physical 
properties of water to be compared are water flow, height, and velocities distribution with 
regards to different friction coefficients.
LABSWETM
a. Governing Equations
LBM consists of two major steps, streaming and collision steps [3]. These two steps 
are combined into lattice Boltzmann equation proving that LBM is a simple yet efficient 
method. The Lattice Boltzmann equation is give by [3]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x + 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  ∆𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 + ∆𝑡𝑡𝑡𝑡 ) − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  (x, t) =  − 1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � +  ∆𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , (Eq. 1)
Where, 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  = the distribution function of particle; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼= the value of 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎  before the streaming; 𝑒𝑒𝑒𝑒
= ∆𝑥𝑥𝑥𝑥 ∆𝑡𝑡𝑡𝑡 ,∆𝑥𝑥𝑥𝑥⁄ is the lattice size; 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼= component of the force in 𝛼𝛼𝛼𝛼 direction; and 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼= velocity 
vector of a particle in 𝑎𝑎𝑎𝑎 link. Eq. 1 is the mostly used form of lattice Boltzmann model in 
modeling fluid flows. 
b. Force term in LABSWETM
In LABSWETM, in order to make it mimic the real sidewall friction in a simulation, the 
boundary condition must be the semi-slip boundary. To accomplish the semi-slip boundary 
condition, the shear stress of the wall is incorporated into the force term, 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It represents a
natural and simple way to solve the lattice Boltzmann equation for semi-slip boundary 
condition at the boundary nodes. The 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is given by [3]:
𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 = −𝑔𝑔𝑔𝑔ℎ 𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧𝑏𝑏𝑏𝑏𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝛼𝛼𝛼𝛼 + τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 (Eq. 2)
Where, τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 = wind shear stress;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼 = bed shear stress; and  τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 = wall shear stress.
c. Manning’s coefficient
In simulating sidewall friction of flow, Manning’s coefficient becomes the key factor. 
There are two variables affecting the flow patterns with regard to Manning’s coefficients: 1)
coefficients of bed frictions, 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; 2) coefficients of wall frictions, 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 .The value of Manning’s 
coefficients are as follow:
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏2ℎ1/3 , (Eq. 3)
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 = 𝑔𝑔𝑔𝑔  𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2ℎ1/3 , (Eq. 4)
Where, 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 = Manning’s coefficient for bed; 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓= Manning’s coefficient for wall.  The
Manning’s coefficients used in this research are showed below.
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before  streaming; e = 
Water Equati n with Turbulence Modeling (LABSWETM). B d nd wall friction are varied 
and di fer t Manning’s coefficients are used to have different effects on the flow patterns.
The result of simulations are analyzed and discussed. In t e simulations, the physical 
prope tie  of water to be compared are wat r flow, height, and velocities distribution with 
regards to different friction coefficients.
LABSWETM
a. Governing Equations
LBM con ists of two major steps, streaming and collisi n steps [3]. These two steps 
ar  combined into lattice Boltzmann equation proving that LBM is a simple yet efficient 
ethod. The Lattice Boltzmann equation is given by [3]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x + 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  ∆𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 + ∆𝑡𝑡𝑡𝑡 ) − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  (x, t) =  − 1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � +  ∆𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , (Eq. 1)
Where, 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  = the distribution function of particle; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼= t  value of 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎  before the streaming; 𝑒𝑒𝑒𝑒
= ∆𝑥𝑥𝑥𝑥 ∆𝑡𝑡𝑡𝑡 ,∆𝑥𝑥𝑥𝑥⁄ is t lattice size; 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼= component of the force in 𝛼𝛼𝛼𝛼 direction; and 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼= velocity 
vector of a particl  in 𝑎𝑎𝑎𝑎 link. Eq. 1 is the mostly used form of lattice Boltzmann model in 
modeling fluid flows. 
b. Force term in LABSWETM
In LABSWETM, in orde  to make it mimic the real sidewall friction in a simulation, the 
boundary c ndition must be the se i-slip boundary. To accomplish the semi-slip boundary 
condition, the shear stress of the wall is incorporated into the force term, 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It represents a
natural and simple way t  solve the l ttice Boltz ann equation for semi-slip boundary 
condition at the boundary nodes. The 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is given by [3]:
𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 = −𝑔𝑔𝑔𝑔ℎ 𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧𝑏𝑏𝑏𝑏𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝛼𝛼𝛼𝛼 + τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 (Eq. 2)
Where, τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 = win   t ;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼 = bed shear stres ; and  τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 = wall shear stress.
c. Manning’s coefficient
In simulating sidewall friction o  flow, Manning’s coefficient becomes the key factor. 
Ther  are two variables affecting the flow patter s with r gard to Manning’s coefficients: 1)
coefficients of bed frictions, 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; 2) oefficients of wall frictions, 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 .The value of Manning’s 
coefficients are as follow:
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏2ℎ1/3 , (Eq. 3)
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 = 𝑔𝑔𝑔𝑔  𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2ℎ1/3 , (Eq. 4)
Where, 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 = Manning’s coefficie t for bed; 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓= Manning’s coefficient for wall.  The
Manni g’s co fficients u ed in this research are showed below.
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Water Equation with Turbulence Modeling (LABSWETM). Bed and wall frict on are varied 
and different Manning’s coeffici nts are used to have different eff cts on the flow patterns.
The result of simulations are an lyzed and iscussed. In the simu ations, the physical 
prop rties of water to b compared are water fl w, heigh , and velocities distribution with 
egards t different frict on coefficients.
LABSWETM
a. Governing Equations
LBM consists of two major steps, treaming and collision steps [3]. These two steps 
re combined into l ttice Boltzmann equation proving that LBM is a simple yet fficient 
method. The Lat ce Boltzmann equation is given by [3]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x + 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  ∆𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 + ∆𝑡𝑡𝑡𝑡 ) − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  (x, t) =  − 1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � +  ∆𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , (Eq. 1)
Where, 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  = he distribution function of particle; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼= the value of 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎  before the streaming; 𝑒𝑒𝑒𝑒
= ∆𝑥𝑥𝑥𝑥 ∆𝑡𝑡𝑡𝑡 ,∆𝑥𝑥𝑥𝑥⁄ is the lattice s z 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼= compone t of the force in 𝛼𝛼𝛼𝛼 dire ion; and 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼= velocity 
vector f a particle in 𝑎𝑎𝑎𝑎 link. Eq. 1 is the mos ly used form of lattice Boltzmann model in 
modeling fluid flows. 
b. Force t rm in LABSWETM
In LABSWETM, in order to make it mi c he r al sidewall fric on i  a simulation, the 
bo ndary condition must be the semi-slip boundary. To accomplish t e semi-slip boundary 
c nditi n, the shear stress of th  wall is nc porate into he force rm, 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It represents a
natural and simple way to solve the lattice Boltzmann equation for semi-slip boundary 
conditi n at the boundary nodes. The 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is given by [3]:
𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 = −𝑔𝑔𝑔𝑔ℎ 𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧𝑏𝑏𝑏𝑏𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝛼𝛼𝛼𝛼 + τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 (Eq. 2)
Where, τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 = wind shear stress;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼 = bed shear stress; and  τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 = wall shear stress.
c. Manning’s coefficient
In simulating sidewall frict on of flow, Manning’  co fficient becomes the key factor. 
There are two vari bles ffecting e flow patterns with regard to Manning’s coefficients: 1)
coefficients of bed ri t ons, 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; 2) coefficients of wall frict ons, 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 .The value of Manning’s 
coefficients are as foll w:
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏2ℎ1/3 , (Eq. 3)
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 = 𝑔𝑔𝑔𝑔  𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2ℎ1/3 , (Eq. 4)
Where, 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 = Manning’s coefficient for bed; 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓= Manning’s coefficient for wall.  The
Manning’s coefficients u d in this research are showed below.
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Water Equation with Turbulence Modeling (LABSWETM). Bed and wall friction are varied 
and different Manning’s coefficients are used to have different effects on the flow pattern .
The result of simulations are analyzed and discussed. In the simulations, the physical 
properties of water to be compared are water flow, height, and velocities distribu ion w th 
regards to different friction coefficients.
LABSWETM
a. Governing Equations
LBM consists of two major steps, streaming and collision steps [3]. These two steps 
are combined into lattice Boltzmann equation proving that LBM is a simple yet fficien  
method. The Lattice Boltzmann equation is given by [3]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x + 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  ∆𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 + ∆𝑡𝑡𝑡𝑡 ) − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  (x, t) =  − 1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � +  𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , (Eq. 1)
Where, 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  = the distribution function of particle; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼= the value of 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎  before the streaming; 𝑒𝑒𝑒𝑒
= ∆𝑥𝑥𝑥𝑥 ∆𝑡𝑡𝑡𝑡 ,∆𝑥𝑥𝑥𝑥⁄ is the lattice size; 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼= component of the force in 𝛼𝛼𝛼𝛼 direction; a 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼= velo ity 
vector of a particle in 𝑎𝑎𝑎𝑎 link. Eq. 1 is the mostly used form of lattice Boltzmann model in 
modeling fluid flows. 
b. Force term in LABSWETM
In LABSWETM, in order to make it mimic the real sidewall friction in a simulatio , the 
boundary condition must be the semi-slip bou da y. To accomplish he semi-slip boundary 
condition, the shear stress of the wall is incorp rated into the force term, 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It represents a
natural and simple way to solve the lattice Boltzmann equation for semi-slip boundary 
condition at the boundary nodes. The 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is given by [3]:
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Where, τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 = wind shear stress;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼 = bed shear stress; and  τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 = wall shear stress.
c. Manning’s coefficient
In simulating sidewall friction of flow, Manning’s coefficient becom s the k y factor. 
There are two variables affecting the flow patterns with regard to Manning’s co fficients: 1)
coefficients of bed frictions, 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; 2) coefficients of wall frictions, 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 .The value of Manning’s 
coefficients are as follow:
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏2ℎ1/3 , (Eq. 3)
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 = 𝑔𝑔𝑔𝑔  𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2ℎ1/3 , (Eq. 4)
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b.  Force term in LABSWETM
In LABSWETM, in order to make it mimic the real sidewall friction in a 
simulation, the boundary condition must be the semi-slip boundary. To 
accomplish the semi-slip boundary condition, the shear stress of the wall 
is incorporated into the force term,. It represents a natural and simple way 
to solve the lattice Boltzmann equation for semi-slip boundary condition 
at the boundary nodes. The 
Water Equation with Turbulence Modeling (LABSWETM). Bed and wall friction are varied 
and different Manning’s coefficients are used to have different effects on the flow patterns.
The result of simulations are analyzed and discussed. In the simulations, the physical 
properties of water to b compared are water flow, h ight, and velocities distribution with 
regards to different friction coefficients.
LABSWETM
a. Governing Equations
LBM consists of two major steps, streaming and collision steps [3]. These two steps 
are combined into latt ce Boltzmann equation proving that LBM is a simple yet efficient 
method. The Lattice Boltzmann equation is given by [3]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x + 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  ∆𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 + ∆𝑡𝑡𝑡𝑡 ) − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 (x, t) =  − 1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � +  ∆𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , (Eq. 1)
Where, 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  = the distr bution func ion f particle; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼= the value of 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎  bef re the treaming; 𝑒𝑒𝑒𝑒
= ∆𝑥𝑥𝑥𝑥 ∆𝑡𝑡𝑡𝑡 ,∆𝑥𝑥𝑥𝑥⁄ is the lattic  size; 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼= component of the force in 𝛼𝛼𝛼𝛼 direction; and 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼= velocity 
vector of a particle in 𝑎𝑎𝑎𝑎 link. Eq. 1 is the mostly used form of lattice Boltzmann model in 
modeling fluid flows. 
b. Force term in LABSWETM
In LABSWETM, in order t  make it mimic the real sidewall friction in a simulation, the 
boundary condition mus be the semi-slip boundary. T accomplish the semi-slip boundary 
condition, the shear stress of the wall i  incorpo ated into t  forc  term, 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It represents a
natural and simple way to solve the lattice Boltzmann equation for semi-slip boundary 
condition at the boundary nodes. The 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is given by [3]:
𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 = −𝑔𝑔𝑔𝑔ℎ 𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧𝑏𝑏𝑏𝑏𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝛼𝛼𝛼𝛼 + τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 (Eq. 2)
Where, τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 = wind shear stress;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼 = bed shear stress; and  τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 = wall shear stress.
c. Manning’s coefficient
In simulating sidewall friction of flow, Manning’s coefficient becomes the key factor. 
There are two variables affecting the flow patterns with regard to Manning’s coefficients: 1)
coefficients of bed frictions, 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; 2) coefficients of wall frictions, 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 .The value of Manning’s 
coefficients are as follow:
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏2ℎ1/3 , (Eq. 3)
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 = 𝑔𝑔𝑔𝑔  𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2ℎ1/3 , (Eq. 4)
Where, 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 = Manning’s coefficient for bed; 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓= Manning’s coefficient for wall.  The
Manning’s coefficients used in this research are showed below.
 is given by [3]:
Water Equation with Turbulence Mode i g (LABSWETM). ed and wall friction re varied 
and different Manning’s coefficients ar  used o have different effects o  the flow patterns.
The result of simulations are nalyzed and discussed. In the simulations, the physical 
properties of water to be compared are water flow, height, and velocities distribu on wi h 
regards to different frict on coefficients.
LABSWETM
a. Governing Equations
LBM consists of two major steps, streaming and collision steps [3]. These two steps 
are combined into lattice Boltzmann equation proving that LBM is simple yet efficient 
method. The Lattice Boltzmann equation is given by [3]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x + 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  ∆𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  (x, t) =  − 1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � +  ∆𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , (Eq. 1)
Where, 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  = the distribution function f particle; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼= the value of 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎  before the str aming; 𝑒𝑒𝑒𝑒
= ∆𝑥𝑥𝑥𝑥 ∆𝑡𝑡𝑡𝑡 ,∆𝑥𝑥𝑥𝑥⁄ is the lattice siz ; 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼= component of the force in 𝛼𝛼𝛼𝛼 direction; and 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼= velocity 
vector of a par icle in 𝑎𝑎𝑎𝑎 link. Eq. 1 is the mostly us d f rm of lattice B ltzmann m del in 
modeling fluid flows.
b. Force term in LABSWETM
In LABSWETM, in order to ake it mimic the real sidewall frict on in a s mulat on, the 
boundary condition must be the semi-slip boundary. To accomplish the sem -slip boundary 
condition, the shear stress of the wall is incorporated into the force term, 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It r presents a
natural and simp e way to s lve the lattic Boltzmann equation for semi-slip boundary 
condition at the bou dary nodes. he 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is given by [3]:
𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 = −𝑔𝑔𝑔𝑔ℎ 𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧𝑏𝑏𝑏𝑏𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝛼𝛼𝛼𝛼 + τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 (Eq. 2)
Where, τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 = wind shear stress;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼 = b d shear stress; and  τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 = w ll shear stress.
c. Manning’s coefficient
In simulating sidew ll friction of flow, Manning’s coefficient becomes the key factor. 
There are two variables affecting the flow patterns ith regard to Manning’s coefficients: 1)
coefficients of bed fricti ns, 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; 2) coefficients of wall frictions, 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 .The value of Manning’s 
coefficients ar  as follow:
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏2ℎ1/3 , (Eq. 3)
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 = 𝑔𝑔𝑔𝑔  𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2ℎ1/3 , (Eq. 4)
Where, 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 = Manning’s coefficient f r bed; 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓= Manning’s coefficient f r wall. The
Manning’s coefficients us d in thi  research are showed below.
   (Eq. 2)
Where, 
Water Equation with Turbulence odeling (LABSWETM). Bed and wall friction are varied 
and different Manning’s coefficients are used to have different effects on the flow patterns.
The result of simulations are analyzed and discussed. In the simulations, the physical 
properties of water to be compared are water flow, height, and velocities distribution with 
regards to different f iction coefficients.
LABSWETM
a. Governing Equations
LBM consists of two major steps, streaming and collision steps [3]. These two steps 
are combined into lattice Boltzmann equation proving that LBM is a simple yet efficient 
method. The Lattice B ltzm nn equati n is given by [3]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x + 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  ∆𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 + ∆𝑡𝑡𝑡𝑡 ) − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  (x, t) =  − 1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � +  ∆𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , (Eq. 1)
Where, 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  = the distribution function of particle; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼= the value of 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎  before the streaming; 𝑒𝑒𝑒𝑒
= ∆𝑥𝑥𝑥𝑥 ∆𝑡𝑡𝑡𝑡 ,∆𝑥𝑥𝑥𝑥⁄ i  the lattice size; 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼= component of the force in 𝛼𝛼𝛼𝛼 direction; and 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼= velocity 
vector of a particle in 𝑎𝑎𝑎𝑎 link. Eq. 1 is the mostly used form of lattice Boltzmann model in 
modeling fluid flo s. 
b. Force erm in LABSWETM
In LABSWETM, in order to make it mimic the real si ewall friction in a simulation, the 
boundary condition ust be the semi-slip boundary. To accomplish the semi-slip boundary 
conditi n, the shear stress of the wall is incorporated into the force term, 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It represents a
natural and simple way to solve the lattice Boltzmann equation for semi-slip boundary 
condition at the boundary nodes. The 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is given by [3]:
𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 = −𝑔𝑔𝑔𝑔ℎ 𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧𝑏𝑏𝑏𝑏𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝛼𝛼𝛼𝛼 + τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 (Eq. 2)
r , τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 = wind shear stress;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼 = bed shear stress; and  τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 = wall shear stress.
c. Ma ning’s coefficient
In simul ting sidewall friction of flow, Ma ning’s coef icient becomes the ke factor. 
There are two variables affecting the flow patterns with regard to Manning’s coefficients: 1)
coefficients of bed frictions, 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; 2) coefficients of wall frictions, 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 .The value of Manning’s 
coefficients are as follow:
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏2ℎ1/3 , (Eq. 3)
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 = 𝑔𝑔𝑔𝑔  𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2ℎ1/3 , (Eq. 4)
Where, 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 = Manning’s coefficient for bed; 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓= Manning’s coefficient for wall.  The
Manning’s coefficients used in this r search are showed below.
  = wind h ar str ss; 
ater quation ith urbulence odeling ( T ). ed and all friction are varied 
and different anning’s coeffici nts are used to have different effects on the flo  patterns.
he result of si ulations are analyzed and discussed. In the si ulations, the physical 
pr perties of ater to be co pared are ater fl , height, and velocities distribution ith 
regards to different friction coefficients.
T
a. overning quations
 consists of t o ajor steps, strea ing and collision steps [3]. ese t o steps 
ar  co bined into lattice oltz a n equation proving that  is a si ple yet efficient 
ethod. he attice oltz ann equation is given by [3]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡 ) 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  (x, t)  1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �  ∆𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , ( q. 1)
here, 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   the distribution function of particle; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼  the value of 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎  before the strea ing; 𝑒𝑒𝑒𝑒
𝑥𝑥𝑥𝑥 𝑡𝑡𝑡𝑡 , 𝑥𝑥𝑥𝑥 is the l ttice size; 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼  co p nent of he force in 𝛼𝛼𝛼𝛼 directio ; and 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  velocity 
vector  a particle in 𝑎𝑎𝑎𝑎 li k. q. 1 is the ostly used for  f lattice oltz ann odel in 
odeling fluid flows. 
b. orce ter in T
In T , i  order to ake it i ic t e real side all friction in a si ulation, t e 
boundary condition ust be the se i-slip boundary. o acco plish the se i-slip boundary 
conditi n, th shear str ss of th  all is incorporated into the force ter , 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It represents a
natural nd si ple ay to s lve the lattice oltz ann equation for se i-slip boundary 
condition at the boundary nodes. he 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is given by [3]:
𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 𝑔𝑔𝑔𝑔
𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧𝑏𝑏𝑏𝑏
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝛼𝛼𝛼𝛼
τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼
𝜌𝜌𝜌𝜌
τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼
𝜌𝜌𝜌𝜌
τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼
𝜌𝜌𝜌𝜌
( q. 2)
her τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 ind shear stress;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼  bed shear stress; and  τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  all shear stress.
c. anning’s co fficient
In si ulating side all friction of fl , a ing’s coefficient beco es the ke  factor. 
h re are t o variables af ect ng the flo  patterns ith regard to anning’s coefficients: 1)
coefficients of b d fricti ns, 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; 2) coefficients of all frictions, 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 . he value of anning’s 
coefficients are as follo :
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏
𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏
2
ℎ1/3 , ( q. 3)
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔
 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2
ℎ1/3 , ( q. 4)
here, 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 anning’s co f icient for bed; 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓 anning’s coeffi ient for all.  he
anning’s coefficients used in this research are sho ed belo .
 r stres ; and 
Water Equation with Turbulence Modeling (LABSWETM). Bed and wall friction are varied 
and iffer nt Manni g’s coeffic ents are used to have differ nt effects on the flow patterns.
The result of simulations are analyzed and discussed. In the simulations, the physical 
properties of water to be compared are water flow, height, and velocities distribution with 
regards to differ nt friction coeffic ents.
LABSWETM
a. Governi g Equations
LBM consi t  of two major steps, streaming and collis on steps [3]. Thes  two steps 
are combined into lattice Boltzmann equation proving that LBM is a simple yet effic ent 
method. The Lattic  Boltzmann equation is give  by [3]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x + 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  ∆𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 + ∆𝑡𝑡𝑡𝑡 ) − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  (x, t) =  − 1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � +  ∆𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , (Eq. 1)
Wher , 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  = the distribution function of particle; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼= the value of 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎  before the streaming; 𝑒𝑒𝑒𝑒
= ∆𝑥𝑥𝑥𝑥 ∆𝑡𝑡𝑡𝑡 ,∆𝑥𝑥𝑥𝑥⁄ is the lattice size; 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼= component of the force in 𝛼𝛼𝛼𝛼 direction; and 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼= velocity 
vector of a particle in 𝑎𝑎𝑎𝑎 link. Eq. 1 is the mostly used form of lattice Boltzmann model in 
modeling fluid fl ws. 
b. Force term in LABSWETM
In LABSWETM, in order to make it mimic the real sidewall friction in a simulation, the 
boundary condition must be the semi-slip boundary. To accomplish the semi-slip boundary 
conditi n, the shear stress of the wall is i corporated into the force term, 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It repres nts a
natural and simple way to solve the lattice Boltzmann equation for semi-slip boundary 
condition at the boundary nodes. The 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is given by [3]:
𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 = −𝑔𝑔𝑔𝑔ℎ 𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧𝑏𝑏𝑏𝑏𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝛼𝛼𝛼𝛼 + τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 (Eq. 2)
Where, τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 = wind shear stress;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼 = bed shear stress; and  τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 = wall shear stress.
c. Man i g’s coeffic en
In simulating sidewall friction of low, Ma i g’s coeffic ent becomes the key factor. 
Ther  ar  two variables affecting the flow patterns with regard to Manni g’s coeffic ents: 1)
coeffic ents of bed frictions, 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; 2) coeffic ents of wall frictions, 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 .The value of Manni g’s 
coeffic ents are as follow:
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏2ℎ1/3 , (Eq. 3)
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 = 𝑔𝑔𝑔𝑔  𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2ℎ1/3 , (Eq. 4)
Wher , 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 = Manni g’s coeffic ent for bed; 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓= Manni g’s coeffic ent for wall.  The
Manni g’s coeffic ents used in this research are showed below.
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c.  Mann ng’s coefficient
In simulating sidewall friction of flow, Manning’s coefficient becomes the 
key factor. There are two variables affecting the flow patterns with regard to 
Manning’s coefficients: 1) coefficients of bed frictions, 
Water Equation with Turbulence Modeling (LABSWETM). Bed and wall friction are varied 
and different Manning’s coefficients are used to have different effects on the flow patterns.
The result of simulations are analyzed and discussed. In the simulations, the physical 
properties of water to be compared are water flow, height, and velocities distribution with 
regards to different friction coefficients.
LABSWETM
a. Governing Equations
LBM consists of two major steps, streaming and collision steps [3]. These two steps 
are combined into attice Bol zmann qua on proving that LBM is a simple yet efficient 
method. The Lattice Boltzmann equation is given by [3]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x + 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  ∆𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 + ∆𝑡𝑡𝑡𝑡 ) − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  (x, t) =  − 1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � +  ∆𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , (Eq. 1)
Wh re, 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  = the distribution unct n of particl ; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼= the value of 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎  before the streaming; 𝑒𝑒𝑒𝑒
= ∆𝑥𝑥𝑥𝑥 ∆𝑡𝑡𝑡𝑡 ,∆𝑥𝑥𝑥𝑥⁄ is the lattice size; 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼= component of the force in 𝛼𝛼𝛼𝛼 direction; and 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼= velocity 
vector of a particle in 𝑎𝑎𝑎𝑎 link. Eq. 1 is the mostly used form of lattice Boltzmann model in 
modeling fluid flows. 
b. Force term in LABSWETM
In LABSWETM, in order to make it imic the real sidewall friction in a simulation, the 
b undary ndition must be the s mi-slip boundary. To accomplish the semi-slip boundary 
condition, the shear stress of the wall is incorporated into the force term, 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It represents a
natural and simple way to solve the la tice Boltzmann equation for semi-slip boundary 
condition at the b undary nodes. The 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is given by [3]:
𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 = −𝑔𝑔𝑔𝑔ℎ 𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧𝑏𝑏𝑏𝑏𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝛼𝛼𝛼𝛼 + τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 (Eq. 2)
Where, τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 = wind shear stress;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼 = bed shear stress; and  τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 = wall shear stress.
c. Manning’s coefficient
In simulati g sidewall friction of flow, Manning’s coefficient becomes the key factor. 
There are two variables affecti g the flow patterns with regard to Manning’s coefficients: 1)
coefficients of bed fri t  𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; 2) coefficients of wall frictions, 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 .The value of Manning’s 
coefficients are as follow:
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏2ℎ1/3 , (Eq. 3)
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 = 𝑔𝑔𝑔𝑔  𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2ℎ1/3 , (Eq. 4)
Where, 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 = Manning’s c efficient for bed; 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓= Manning’s coefficient for wall.  The
Manning’s coefficients used in this research are showed below.
2) coeffic ents 
of wall frictions, 
Water Equation with Turbulence Modeling (LABSWETM). Bed and w ll friction re varied 
and different Manning’s coefficients are used to have different eff cts on th flow patterns.
The result of simulations are analyz d and discussed. In the simulations, the physical 
properties of water to be compared are water flow, height, and velocities istribution with 
regards to different friction coefficients.
LABSWETM
a. Governing Equations
LBM consists of two major steps, streaming nd collision steps [3]. These t o step  
are combined into lattice Boltzmann equation proving that LBM is a simple yet efficient 
method. The Lattice Boltzmann equation is given by [3]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x + 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  ∆𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 + ∆𝑡𝑡𝑡𝑡 ) − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  (x, t) =  − 1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � +  ∆𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , (Eq. 1)
Where, 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  = the distribution function of particle; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼= th  v lue of 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎  before the streaming; 𝑒𝑒𝑒𝑒
= ∆𝑥𝑥𝑥𝑥 ∆𝑡𝑡𝑡𝑡 ,∆𝑥𝑥𝑥𝑥⁄ is the lattice size; 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼= component of the force in 𝛼𝛼𝛼𝛼 direction; and 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼= velocity 
vector of a particle in 𝑎𝑎𝑎𝑎 link. Eq. 1 is the mostly used form of lattice Boltzmann model in 
modeling fluid flows. 
b. Force term in LABSWETM
In LABSWETM, in order to make it mimic the real sidewall riction i s mulation, the 
boundary condition must be the semi-slip bou ary. To ccomplish the semi-sl p boundary 
condition, the shear stress of the wall is inc rporat into the f rce term, 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It repr s t a
natural and simple way to solve the lattice Boltzmann equation for semi-slip boundar  
condition at the boundary nodes. The 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is given by [3]:
𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 = −𝑔𝑔𝑔𝑔ℎ 𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧𝑏𝑏𝑏𝑏𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝛼𝛼𝛼𝛼 + τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 (Eq. 2)
Where, τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 = wind shear stress;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼 = bed shear stress; d  τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 = wall shear stress.
c. Manning’s coefficient
In simulating sidewall friction of flow, Manning’s coefficient be om s the key factor.
There are two variables affecting the flow patterns with regard to Manning’s co fficients: 1)
coefficients of bed frictions, 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; 2) coefficients of wall fricti  𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 .The value of Manning’s 
coefficients are as follow:
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏2ℎ1/3 , (Eq. 3)
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 = 𝑔𝑔𝑔𝑔  𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2ℎ1/3 , (Eq. 4)
Where, 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 = Manning’s coefficient for bed; 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓= Manning’s coefficient for wall.  The
Manning’s coefficients used in this research are showed below.
 value of Manning’s coefficients are as follow:
Water Equ tio  with Turbule ce Mod ling (LABSWETM). Bed and wall friction are vari d 
and diff ent Manning’s coeffici n s are used to have different effects o t  flow p terns.
The result f simulations ar analyzed nd iscussed. In th simulations, the physical 
properties of water to be compared are water flow, height, and velocities distribution with 
regards to different friction coefficients.
LABSWETM
a. Governing Equations
LBM consists of two m jor st ps, s reami g nd collisi  steps [3]. These two st ps 
are combined into lattic Boltzmann equation proving that LBM is a simple yet efficient 
method. The Lattice Boltzmann equation is given by [3]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x + 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  ∆𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 + ∆𝑡𝑡𝑡𝑡 ) − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  (x, t) =  − 1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � +  ∆𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , (Eq. 1)
Where, 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   th  dis ribut on func ion of particle; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼= th  value o  𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎 bef r  he s reami g; 𝑒𝑒𝑒𝑒
= ∆𝑥𝑥𝑥𝑥 ∆𝑡𝑡𝑡𝑡 ,∆𝑥𝑥𝑥𝑥⁄ is the l ttice size; 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼= component of the f rce in 𝛼𝛼𝛼𝛼 direction; and 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼= velocity 
vector of a particle in 𝑎𝑎𝑎𝑎 link. Eq 1 is the mostly used form of lattice Boltzmann model in 
modeling fluid flows. 
b. Force term in LABSWETM
In LABSWETM, in order to m ke it mimic the real si ewall friction in a simulati n, the 
boundary condition must b  the semi-slip boundary. T  acc mplish the s mi-slip boundary 
condition, the she r stress of the ll is incor orated into the force t rm, 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It rep s nts a
natural and simple w y to s lve the lattice Boltzman  equation for semi-slip boundary 
condition at the boundary nodes. The 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is given by [3]:
𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 = −𝑔𝑔𝑔𝑔ℎ 𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧𝑏𝑏𝑏𝑏𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝛼𝛼𝛼𝛼 + τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 (Eq. 2)
Where, τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 = wind shear stress;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼 = bed shear stress; and  τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 = wall shear stress.
c. Manning’s coefficient
In simulating sidew ll friction o  flow, Ma ning’s coefficient b comes the key fa tor. 
There are two variables aff cting the flow patterns w th regard to Manni g’  c efficients: 1)
coefficients o  bed friction , 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; 2) co fficients of wall frictions, 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 .The value of Manning’s 
coe ficients are as follow:
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏2ℎ1/3 , (Eq. 3)
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 = 𝑔𝑔𝑔𝑔  𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2ℎ1/3 , (Eq. 4)
Where, 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 = Manning’s co fficie t for b d; 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓= Manni g’s co fficient for all.  The
Manning’s coefficients used in this research are showed below.
  (Eq. 3)
ater ati n it  r le ce l  ( T ). e a  all fricti  are arie  
a iff e t a i ’s c effici t are se t  a e iff r t eff cts n t  fl  atter s.
e res lt of si lati s r a al z  a isc ss . I  t  si lati s, t  ical 
r erties f ter t  c are  are at r fl , ei t, a  el cities istri ti  it  
re ar s t  iffere t fricti  c efficie ts.
T
a. er i  ati s
 c sists f t aj r st s, strea in   c llis n ste s [ ]. ese t  ste s 
are c i e  i t lattice ltz a  e ati r i  t at  is a si le et efficie t 
et . e attice ltz a  e ati is i e  [ ]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡 ) 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  (x, t)  1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �  ∆𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , ( . )
ere, 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  t e istri i  f cti  f article; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼  al e 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎  ef r  t  strea in ; 𝑒𝑒𝑒𝑒
𝑥𝑥𝑥𝑥 𝑡𝑡𝑡𝑡 , 𝑥𝑥𝑥𝑥 is t e lattic  size; 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼  c e t f t e f rce i  𝛼𝛼𝛼𝛼 irecti ; a  𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  el cit
ect r f a article i 𝑎𝑎𝑎𝑎 li . . is t e stl  se  f r  f lattice ltz a  el i  
eli  fl i  fl s. 
. rce ter  i  T
I  T , i r er t  e it i ic e real side all f icti i  a si latio , t e
ar   st  t e se i-sli  ar . o acco lis se i-sli  a  
c iti , t e s e r stress f t e all i  i c r rate i t  t e f rce t r , 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It e r s ts a
at ral a  si le a  t  sol e t e lattice ltz n ati f r se i-sli  ar  
c iti at t e ar es. e 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is i e   [ ]:
𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 𝑔𝑔𝑔𝑔
𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧𝑏𝑏𝑏𝑏
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝛼𝛼𝛼𝛼
τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼
𝜌𝜌𝜌𝜌
τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼
𝜌𝜌𝜌𝜌
τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼
𝜌𝜌𝜌𝜌
( . )
ere, τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 i  s ear stress;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼  e  s ear stress; a   τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  all s ear stress.
c. a i ’s c efficie t
I  si lati  si e all fricti  f fl , an i ’s c efficie t c es t e e  fa t r. 
ere are t  aria les affecti  t e fl att r s it  re ar  t a in ’s coefficie ts: )
c efficie ts  e  fricti , 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; ) efficie ts f all fricti s, 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 . e al e f a i ’s 
c efficie ts are as f ll :
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏
𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏
2
ℎ1/3 , ( . )
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔
 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2
ℎ1/3 , ( . )
ere, 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 a i ’s fficient f r ; 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓 a in ’s c effi ie t f r all.  e
a i ’s c efficie ts se  i  t is researc  are s e  el .
  )
 
ater Equation with Turbulence odeling (LABS ETM). Bed and wa l friction are varied 
and di erent an ing’s coe icients are used to have di erent e ects on the flow pa terns.
The result of si ulations are analyzed and discus ed. In the si ulations, the physical 
properties of water to be co pared are water flow, height, and velocit es distribution with 
regards to di rent friction coe icients.
LABS ETM
a. Governing Equations
LB  consists of two ajor steps, strea ing and co lision steps [3]. These two steps 
are co bined int la tice Boltz an  equation prov ng that LB  is a si ple yet e icient 
ethod. The La tice Boltz an  equation is give  by [3]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  ∆𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 ∆𝑡𝑡𝑡𝑡 ) 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  (x, t)  1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �  ∆𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , (Eq. 1)
here, 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  = the distribution function of particle; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼= the value of 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎  before the strea ing; 𝑒𝑒𝑒𝑒
= ∆𝑥𝑥𝑥𝑥 ∆𝑡𝑡𝑡𝑡 ,∆𝑥𝑥𝑥𝑥⁄ is the la tice size; 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼= co ponent of the force in 𝛼𝛼𝛼𝛼 direction; and 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼= velocity 
vector f a particle in 𝑎𝑎𝑎𝑎 link. Eq. 1 is the ostly used for  of la tice Boltz an  odel in 
odeling fluid flows. 
b. Force ter  in LABS ETM
In LABS ETM, in r er to ake it i ic the real sidewa l friction in a si ulation, the 
boundary condit on ust be the se i-slip bound ry. To ac o plish the se i-slip boundary 
condit on, the shear stres  of the wa l is incorporated into the force ter , 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It represents a
natural and si ple way to solve the la tice Boltz an  equation for se i-slip boundary 
condit on at he boundary nodes. The 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is given by [3]:
𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 𝑔𝑔𝑔𝑔ℎ
𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧𝑏𝑏𝑏𝑏
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝛼𝛼𝛼𝛼
τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼
𝜌𝜌𝜌𝜌
τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼
𝜌𝜌𝜌𝜌
τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼
𝜌𝜌𝜌𝜌
(Eq. 2)
here, τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 = wind shear stres ;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼 = bed shear str ;  τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 = wa l shear stres .
c. an ing’s coe ici n
In si ulating sidewa l friction of flow, ing’s c e icient beco es the key factor. 
There ar  two v iables a ecting the flow pa terns with regard to an ing’s coe icients: 1)
coe icients of bed frictions, 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; 2) coe icients of wa l frictions, 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 .The value of an ing’s 
coe icients are as fo low:
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏
𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏
2
ℎ1/3 , (Eq. 3)
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔
 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2
ℎ1/3 , (Eq. 4)
here, 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 = an ing’s coe icient for bed; 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓= an ing’s coe icient for wa l. The
an ing’s coe icie ts used in this research are showed below.
  Man i g’s coeffi i nt for b d; 
Water qu ion with Turbulence Modeling (LABSWETM). Bed and wall friction a e varied 
and different Man i g’  coefficients are used to have different e cts on the fl w patterns.
The re ult of imulations are a alyz d nd iscusse . In the simulations, the physical 
pr perti s f water t  be compared are water flo , height and velociti s distribution with 
regards to differ n fricti coeff ci nts.
LABSWETM
a. Governing Equations
LBM con ists f two major steps, streaming and collision step [3]. Th se two st ps 
bined into lattice Bol zmann equati n prov g that LBM is a simple yet effici nt 
ethod. The Lattic  Bol zmann equ tio is give  by [3]:
𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼(x 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼  ∆𝑡𝑡𝑡𝑡, 𝑡𝑡𝑡𝑡 + 𝑡𝑡𝑡𝑡 ) − 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  (x, t) = − 1τ �𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼   𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � +  ∆𝑡𝑡𝑡𝑡6𝑒𝑒𝑒𝑒2 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 , (Eq. 1)
Where, 𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼  = th  distribution func of particle; 𝑓𝑓𝑓𝑓′𝛼𝛼𝛼𝛼= the value of 𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎  b f re th  str aming; 𝑒𝑒𝑒𝑒
= ∆𝑥𝑥𝑥𝑥 ∆𝑡𝑡𝑡𝑡 , 𝑥𝑥𝑥𝑥⁄ is the lattice size; 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼= co ponent of th  f rce in 𝛼𝛼𝛼𝛼 dir ction; and 𝑒𝑒𝑒𝑒𝛼𝛼𝛼𝛼= velocity
vector of a pa ticle in 𝑎𝑎𝑎𝑎 ink. Eq. 1 is th mo tly used form of lattice Bol zmann model in 
modeling fluid flows. 
b. Force term in LABSWETM
In LABSWETM, in or er to make it imic he real sid wal friction in a s mulation, the 
boundary co ition mus be the semi-slip boundary. To ccomplish the semi-slip boundary 
tion, t shear stress of  wall i incorporated into he f rce t rm, 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 . It represents a
natural d simple way to solve the attice Bol zmann equ tion for semi-slip boundary 
condition at the boundary no es. The 𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 is given by [3]:
𝐹𝐹𝐹𝐹𝛼𝛼𝛼𝛼 = −𝑔𝑔𝑔𝑔ℎ 𝜕𝜕𝜕𝜕𝑧𝑧𝑧𝑧𝑏𝑏𝑏𝑏𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥 𝛼𝛼𝛼𝛼 + τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 + τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌 (Eq. 2)
Wh re, τ𝑤𝑤𝑤𝑤𝛼𝛼𝛼𝛼 = wind shear stre s;  τ𝑏𝑏𝑏𝑏𝛼𝛼𝛼𝛼 = bed shear stress; nd  τ𝑓𝑓𝑓𝑓𝛼𝛼𝛼𝛼 = wall shear stress.
c. Ma ning’s coefficient
In imulating sid wall friction of fl w, Manning’s coefficient be om s the k y factor. 
There are two variables ffecting th  flow patt rns wi h egard to M nning’s coefficients: 1)
coefficients of b d frictions, 𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 ; 2) coefficients of wall frictions, 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 .The value of Manning’s 
coefficients are as follow:
𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏 = 𝑔𝑔𝑔𝑔𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏2ℎ1/3 , (Eq. )
𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓 = 𝑔𝑔𝑔𝑔  𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓2ℎ1/3 , (Eq. 4)
Where, 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 = Manning’  coefficient or bed; 𝑛𝑛𝑛𝑛𝑓𝑓𝑓𝑓= Manning’s c efficient or wall.  The
Manning’s c ef icients used i thi  research ar sh wed bel .
  Man ing’s coefficient f r 
w ll.  The Manning’s coefficie ts u ed in this res arc  ar  showed below. 
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Table 1:  Coefficient for bed frictions
Simulation nb Material
1 0.035 Earth channel – stony
2 0.01 Glass
3 0.05 Floodplains - light brush
4 0.011 Brass
Table 2:  Coefficient for wall frictions
Simulation nf Material
1 0.035 Earth channel – stony
2 0.01 Glass
3 0.015 Brickwork
4 0.075 Floodplains - heavy brush
d.  Model Setup
A test case to analyze the flow patterns in a channel with sidewall friction is 
simulated by LABSWETM [4]. The model simulates the effect of turbulent 
flow with sidewall friction in a river attached to a lake (a case involving 
complicated geometry). The results obtained by LABSWETM are compared 
against experimental results [4]. The bed friction coefficient of 0.045 
represent materials of light floodplain-light brush is used in this model. 
The rectangular channel is 7m wide and 19m long. A 3.15m radius circular 
sidewall cavity is located on the right side of the channel such in Figure 1.
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Table 1: Coefficient for bed frictions.
Simulation nb Material
1 0.035 Earth channel – stony
2 0.01 Glass
3 0.05 Floodplains - light brush
4 0.011 Brass
Table 2: Coefficient for wall frictions.
Simulation nf Material
1 0.035 Earth channel – stony
2 0.01 Glass
3 0.015 Brickwork
4 0.075 Floodplains - heavy brush
d. Model Setup
A test case to analyze the flow patterns in a channel with sidewall friction is simulated 
by LABSWETM [4]. The model simulates the effect of turbulent flow with sidewall friction in 
a river attached to a lake (a case involving complicated geometry). The results obtained by 
LABSWETM are compared against experimental results [4]. The bed friction coefficient of 
0.045 represent materials of light floodplain-light brush is used in this model. The rectangular 
channel is 7m wide and 19m long. A 3.15m radius circular sidewall cavity is located on the 
right side of the channel such in Figure 1.
Figure 1:  The shape of open-channel with circular sidewall cavity in top view 
Throughout the computation, flow velocity components of u = 0.25m/s 
and v = 0m/s and water depth, h = 0.25m are imposed at the inflow and 
outflow boundaries.
A 190 × 70 lattice with grid space of ∆x is used. A semi-slip boundary 
condition with surface roughness coefficient Cf =0.0045 is utilized at the 
solid walls. The relaxation time τ  = 0.6 and the Smagorinsky constant Cs = 
0.3 are applied [5]. A time step ∆t=0.025s satisfies the stability criteria and 
hence is used in the model. The u components at a-a cross sections and v 
components at b-b cross sections will be compared with compared against 
simulation and experimental results obtained by Kuipers and Vreugdenhil.
Result and Discussion
The initial stage of simulation is carried out with semi-slip boundary 
conditions. After that several tests were done to ensure the program 
conditions are stable or otherwise. A problem arises where the vectors plotted 
are slightly diverged due to semi-slip boundary conditions implementation. 
Thus, this problem handled by using the slip boundary conditions rather 
than the semi-slip boundary conditions.
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10000th iteration from different Manning’s coefficient value in nf  and 
nb are simulated. The result obtained are shown in the figures (2-5). 
Figure 1: The shape of open-channel with circular sidewall cavity in top view.
Throughout the computation, flow velocity components of u=0.25m/s and v=0m/s and water 
depth, h=0.25m are imposed at the inflow and outflow boundaries.
A 190x70 lattice with grid space of ∆x is used. A semi-slip boundary condition with 
surface roughness coefficient Cf =0.0045 is utilized at the solid walls. The relaxation time τ
=0.6 and the Smagorinsky constant Cs = 0.3 are applied [5]. A time step ∆t=0.025s satisfies 
the stability criteria and hence is used in the model. The u components at a-a cross sections 
and v components at b-b cross sections will be compared with compared against simulation 
and experimental results obtained by Kuipers and Vreugdenhil.
Result and Discussion
The initial stage of simulation is carried out with semi-slip boundary conditions. After 
that several tests were done to ensure the program conditions are stable or otherwise. A
problem arises where the vectors plotted are slightly diverged due to semi-slip boundary 
conditions implementation. Thus, this problem handled by using the slip boundary conditions 
rather than the semi-slip boundary conditions.
10000th iteration from different Manning’s coefficient value in nf and nb are simulated.
The result obtained are shown in the figures (2-5).
Figure 2: Velocity vector of Simulation 1         Figure 2:  Velocity vector of Simulation 1
Figure 3: Velocity vector of Simulation 2
Figure 4: Velocity vector of Simulation 3
Figure 5: Velocity vector of Simulation 4
Figure 3:  V locity vector of Simulation 2
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Figure 4: Velocity vector of Simulation 3
Figure 5: Velocity vector of Simulation 4
 Figure 4:  Velocit  tor of Simulation 3
Figure 3: Velocity vector of Simulation 2
Figure 4: Velocity vector of Simulation 3
Figure 5: Velocity vector of Simulation 4
 
Figure 5: Velocit tor of Simulation 4
The vectors in the figures show a stable flow was achieved. It may 
not be an obvious comparison in the velocity vectors figures as the vectors 
inside the circular cavity likely to vanish. Thus, it is suggested that streamline 
figures may be a better view for flow comparisons. For validation procedure, 
the u and v components along a-a and b-b cross sections in the simulations 
results using LBM are compared against Kuipers and Vreugdenhil 
experiment data in Figures 6 and 7. 
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The vectors in the figures show a stable flow was achieved. It may not be an obvious 
comparison in the velocity vectors figures as the vectors inside the circular cavity likely to 
vanish. Thus, it is suggested that streamline figures may be a better view for flow 
comparisons. For validation procedure, the u and v components along a-a and b-b cross 
sections in the simulations results using LBM are compared against Kuipers and Vreugdenhil
experiment data in Figure 6 and 7.
Figure 6: Comparison of u at a-a cross sectionsFigure 6:  Comparison of u at a-a cross sections
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Figure 7: Comparison of v at b-b cross sections
Analysis for the relative error for velocity values of u components along the a-a cross 
sections was calculated by comparing the Simulation 3 of LABSWETM with experimental 
data. Simulation 3 is chosen because it has the same materials of Manning’s properties with 
the experimental data. The result obtained showed in Table 3. 
Table 3: Relative error of u between LABSWETM  and experimental data
Value
LABSWETM 0.0891
Experimental Data 0.104
Error 0.0129
The error is compared at point of y= 6.7m, 6m, 5m, 4m, 3m, 2m, and 1m.. For 
experimental data the u mean values is 0.104 and for LABSWETM the u mean values is
0.0891. Thus the error is 0.0129 or calculated at 12.4 percent. Both of the method are not 
showing a large difference in term of accuracy.
Figure 7:  Comparison of v at b-b cross sections
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Table 3:  Relative error of u between LABSWETM  and experimental data
 
Value
LABSWETM 0.0891
Experimental Data 0.104
Error 0.0129
The error is compared at point of y= 6.7m, 6m, 5m, 4m, 3m, 2m, and 
1m. For experimental data the u mean values is 0.104 and for LABSWETM 
the u mean values is 0.0891. Thus the error is 0.0129 or calculated at 12.4 
percent. Both of the method are not showing a large difference in term of 
accuracy. 
Conclusion 
In conclusion, this test proves that a semi-slip boundary conditions with an 
addition to force term Fi can solve the shallow water problem regarding a 
complex channel geometry. The analysis finally gives us a better perspective 
that LABSWETM performs better than Kuipers and Vreugdenhil model in 
predicting the flow patterns of an attached sidewall cavity with open channel.
The above figures (6 and 7) showed us two different analyses that 
should be taken into account for finding the current model’s accuracy. First, 
there are comparisons between LBM simulations with different Manning’s 
coefficient value. Both of u and v components in cross sections a-a and 
b-b gave good results. Secondly, the performance analysis between finite-
difference in method [4] and LBM was also generated. There are slight 
differences in the u components where the curve is nearly the same and 
that because the alternative method used a different material of wall and 
bed friction coefficient. The v component comparison gives a less accurate 
prediction near the wall of circular cavity that caused by the unstable 
boundary conditions.
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Recommendation
In simulating the test case, it is recommended to use a high performance 
computer with enormous processor capacity to save time. For the water flow 
pattern, the figures (2-5) do not give an obvious comparison to the naked 
eyes. Thus, streamline figures for water flow pattern need to be considered 
as it reviews the pattern in an obvious and clear way. Lastly, further research 
should be carried out to compare all the simulation results with the same 
data using alternative methods.
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